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Abstract. Electric dichroism and X-ray scattering mea- 
surements on solutions of uncondensed and con- 
densed chicken erythrocyte chromatin were interpret- 
ed on the basis of model calculations. Information 
about the state of uncondensed fibers in the conditions 
of electric dichroism measurements was obtained from 
scattering patterns recorded as a function of pH, in the 
presence of spermine and at very low monovalent  
cation concentrations. Electric dichroism measure- 
ments on a complex of uncondensed chromatin with 
methylene blue were made to determine the contribu- 
tion of the linker and of the nucleosomes to the total 
dichroism. 

A new approach to calculate the dichroism from 
realistic structural models, which also yields other 
structural parameters (radius of gyration, radius of gy- 
ration of the cross-section, mass per unit length) was 
used. Only a restricted range of structures is simulta- 
neously compatible with all experimental results. Fur- 
ther, it is shown that previous interpretations of 
dichroism measurements on chromatin were in con- 
tradiction with X-ray scattering data and failed to take 
into account the distribution of orientation of the 
nucleosomes in the fibers. When this is done, it is found 
that the linker DNA in chicken erythrocyte and sea 
urchin chromatin must run nearly perpendicularly to 
the fibre axis. Taken together with the dependence of 
the fibre diameter on the linker length, these results 
provide the strongest evidence hitherto available for a 
model in which the linker crosses the central part of 
the fibre. 

Key words: X-ray solution scattering, synchrotron 
radiation, electric dichroism, chicken erythrocyte 
chromatin 

Introduction 

During the last decade several models have been pro- 
posed for the structure of chromatin and the changes 
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it undergoes upon condensation by cations. These 
models, which are based on the interpretation of ob- 
servations made with different techniques - mainly 
electron microscopy and linear dichroism - on chro- 
matin from different sources prepared by different pro- 
cedures, have been discussed in detail in several recent 
reviews (Sayers 1988; Butler 1988; Koch 1989). Per- 
haps not surprisingly, there is no consensus even con- 
cerning some of the gross features of these models, 
such as the mass per unit length (m/l) or the path of the 
linker DNA. Given the high degree of similarity of the 
structural components (DNA and histones), some of 
the differences between models appear, however, to be 
inconsistencies rather than a reflection of natural vari- 
ability. In particular, very different values were report- 
ed for the electric and flow anisotropy of chromatin at 
very low ionic strength (McGhee et al. 1980; Sen and 
Crothers 1986; Dimitrov etal.  1988; Harrington 
1985). Recently, the origin of the discrepancies be- 
tween flow and electric linear dichroism was investi- 
gated (Hagmar et al. 1989). 

In the present series of papers we have attempted 
to obtain a model of chicken erythrocyte chromatin 
and its condensation by cations, that is consistent with 
the observations from different physical techniques. In 
this final contribution we show that this model is also 
consistent with the electric dichroism results and that 
the differences between dichroism values reported in 
the literature depend on the detailed experimental 
conditions. To allow comparison with the latter re- 
sults, the X-ray solution scattering of long chromatin 
fragments was obtained in conditions close to those 
used for dichroism measurements ( < 5  mM NaC1). 
Further, the effects of pH on the low order structure 
and of spermine, which is often used in preparative 
buffers, on the salt induced condensation were investi- 
gated. 

Additional constraints on the model were obtained 
by separating the contribution of the linker and of the 
core DNA to the dichroism using methylene blue as a 
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probe (Kubista et al. 1985). Interpretation of the re- 
sults relies on a new approach to calculate the dichro- 
ism from realistic structural models that take into 
account the irregular nature of the system. The 
parameters used as criteria for acceptance of models of 
the low order structure are the radius of gyration, the 
mass per unit length, the radius of gyration of the 
cross-section, the presence of characteristic bands in 
the calculated scattering patterns and the values of the 
reduced dichroism. Only a limited range of sterically 
allowed conformations simultaneously gives accept- 
able values of these parameters. 

For the condensed fibre, only the maximum contri- 
bution of the core DNA to the reduced dichroism can 
be directly calculated. The results indicate that, in or- 
der to satisfy orientation constraints compatible with 
the X-ray scattering patterns from oriented gels of 
chicken erythrocyte chromatin (Widom and Klug 
1985), the average angle between the linker DNA and 
the fibre axis must be close to 90 ° with a standard 
deviation of 20-40 ° . 

Materials and methods 

Preparation of  chromatin fragments 

Chromatin from chicken erythrocytes was extracted as 
fragments consisting of 70-90 nucleosomes in TE 
buffer (5 mM Tris-HC1, 1 mM EDTA, 0.5 mM phenyl- 
methylsulfonyl fluoride (PMSF), pH 7.5) following 
procedures described earlier (Bordas et al. 1986). For 
salt dependence experiments the samples were di- 
alysed against Tris buffer (5 mM Tris-HC1, 0.5 mM 
PMSF, pH 7.5). Chromatin concentrations were mea- 
sured by absorption at 260 (1 mg/ml chromatin= 
0.52 mg DNA/mI: A 2 6  o = 10.4) and at 310 nm for tur- 
bidity correction using a Kontron (UVIKON 810) 
spectrophotometer. Unless otherwise stated all prepa- 
rations were carried out at 4 °C. 

pH dependence of  the structure 

Samples containing chromatin (A260 = 70) in TE buffer 
were dialysed against Tris buffers at pH 4.5, 5.3, 5.8, 
6.3, 6.9, 7.3, 7:8, 8.2, 8.6 and used directly for X-ray 
measurements. 

Effect of  spermine 

A sample of chromatin prepared in TE buffer was first 
dialysed for 1 h against Tris buffer containing 0.2 mM 
spermine and then for 20 h against several changes of 
Tris buffer. In other experiments the sample was di- 

alysed against Tris buffer containing 50 mM NaCI and 
then against Tris buffer. The material was centrifuged 
for 15 rain at 23,500 9 and the supernatant was mixed 
at a final concentration of 3 mg DNA/ml with different 
amounts of NaC1 (60 mM) stock solution and mea- 
sured directly. Control experiments were done using 
chromatin from the same preparation dialysed against 
Tris buffer only. 

Effect of methylene blue 

A stock solution of methylene blue at 2 mM in Tris 
buffer was mixed with appropriate amounts of a chro- 
matin solution to obtain a final chromatin concentra- 
tion of 3 mg DNA/ml and a ratio of dye per 100 bp in 
the range 0-20. After 1 h the samples were centrifuged 
for 10 min at 6,000 9 at room temperature and used 
immediately for X-ray scattering. 

X-ray solution scattering 

The measurements were made on the double focusing 
camera X33 (Koch and Bordas 1983) in HASYLAB on 
the storage ring DORIS of the Deutsche Elektronen 
Synchrotron (DESY) using the standard data acquisi- 
tion and evaluation systems (Boulin et al. 1986, 1988). 
The mass per unit length (m/l) and the radius of gyra- 
tion of the cross-section (R x) were obtained as de- 
scribed earlier Koch et al. 1988). 

Electric dichroism 

Chromatin solutions were dialysed against a buffer 
with 1 mM sodium cacodylate, pH 6.5. Dichroism 
measurements were performed as described by 
Marquet etal. (1988). Chromatin complexes with 
methylene blue (MB) were prepared by addition of a 
concentrated chromatin solution (A260=10-20) to 
dilute dye solutions (A676 =0.1) to a final molar ratio 
of 0.5-1.0 MB/100 bp. Measurements were made at 
least 1 h after mixing. A value of 7.5 x 104 M -1 cm -1 
was used for the extinction coefficient of methylene 
blue at a wavelength of 676 nm (Norden and Tjerneld 
1982). The small hypochromism of methylene blue re- 
sulting from intercalation (Norden and Tjernetd 1982) 
was taken into account for the determination of the 
reduced dichroism AA/A. 

Computer simulations 

Uncondensed chromatin. The structure of uncondensed 
chromatin can be described at low resolution as result- 
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ing from the convolution of a nucleosome with a joint- 
ed chain (Koch 1989). For  the calculation of confor- 
mations of the jointed chain, the internucleosomal 
distance (l), the angle between successive links (0) and 
the torsion angle involving three successive links (~b), 
were taken to be normally distributed random vari- 
ables with mean (I) ,  ( 0 )  and (~b) and standard devi- 
ations o- (l), a (0) and o (qS), respectively. Each chain was 
generated using a random number routine to deter- 
mine N, usually 50, values of l, 0 and ~b in the appropri- 
ate ranges, from which cartesian coordinates were ob- 
tained. For  each range of variables around [(l) ,  (0 ) ,  
(~b)] up to 300 trials were made to find 100 chains in 
which no contacts between nucleosomes shorter than 
dmin, a value set to 6 or 10 nm, occurred. Results of 
calculations with a larger number of chains were not 
significantly different. 

For  normal distributions of q~, values outside the 
range 0 360 ° were rejected. This simulates a potential 
depending on 1 +cos  q5 classically used to represent 
hindered rotation. Although calculations were made 
for the whole range of (~b) only those for (q~) = 180 ° 
corresponding to zig-zag structures are presented be- 
low as they gave the most satisfactory agreement. 

Radius o f  gyration. The radius of gyration (R) was 
calculated as: 

1 
R2 = N I = I  (1) 

The first term corresponds to the radius of gyration of 
a chain of N equal masses with distances r~ from the 
centre of gravity of the chain. The second term, corre- 
sponding to the radius of gyration of the nucleosome 
is in fact negligible. 

Scattering pattern, mass per unit length, radius o f  
gyration o f  the cross-section o f  uncondensed chromatin. 
For  each range of geometrical variables (l, 0, qS) the 
average scattering of uncondensed chromatin was 
evaluated over 100 chains at 250 points in the range 
0 < s < 0.3 n m -  1 using Debye's formula (see e.g. Can- 
tor and Schimmel 1980). The scattering factor used 
was that of the spherically averaged nucleosome calcu- 
lated from a model where the core histones are repre- 
sented by 76 spheres of 1.5 nm diameter representing a 
scattering mass fraction of 0.3. The two turns of DNA 
superhelix which has a diameter of 9.5 nm and a pitch 
of 2.7 nm are represented by 32 spheres of 2 nm diame- 
ter but corresponding to a scattering mass fraction of 
0.7. This model, illustrated elsewhere (Koch 1989), in- 
corporates the main features of the crystallographic 
structure (Richmond et al. 1984) and gives a radius of 
gyration (R g) of 3.8 nm for the complete particle, 
4.9 nm for the DNA and 3.2 nm for the histone core. 
These values should be compared with the corre- 

sponding ones, 3.9 nm at infinite contrast, 4.7 +_0.2 nm 
and 3 .5+0.2nm,  respectively, obtained by neutron 
scattering on mononucleosomes (Suau et al. 1977). 

Intrinsic dichroism. For  each conformation of the 
chain of N nucleosomes the value of the intrinsic re- 
duced dichroism (AA/A) was calculated as: 

AA 0.75 ~ (3cos2y~-1) 
A - x N ' ~ -  2_. 2 

i = 1  

1.5 ~ l  (3cos2/~i_1) 
- ' l - x u ' N - - l ( ) ~  ~=1 2 (2) 

xu is the weight fraction of the nucleosomal DNA (i.e. 
166 bp/212 bp in the case of chicken erythrocyte chro- 
matin),/3 the angle between the electric field and the 
direction of the linker segment, assumed to be straight, 
and y the angle between the field and the axis of the 
DNA superhelix. The axis of the DNA superhelix was 
taken to correspond to the normal to the plane of the 
linker segments joining at that point in the chain. The 
direction of the electric field (E) was assumed to corre- 
spond to the major axis of the ellipsoid of inertia of the 
chain. The angles/3 and 7 were determined in the range 
[ 0 - n ]  from the scalar products ( E ' ( x i + l - x ~ ) )  and 
(E.  [x i x x~+l]). The values of the intrinsic reduced 
dichroism of the linker DNA (--1.5) and of the nu- 
cleosomes (0.75) are those given by McGhee et al. 
(1980). 

Condensed chromatin. The structure of condensed 
chromatin was simulated as follows. The coordinates 
of the centres of gravity of the nucleosomes were gen- 
erated on a cylindrical net using a random number 
routine with 0 < x < 2 n R/d and 0 < y < 10. R is the 
radius of the cylindrical net, 11.5 nm in the case of 
chicken erythrocyte chromatin fibres that have an 
outer radius of 15 nm. This distorted net allows one to 
represent the nucleosomes as circles with unit diame- 
ter and simplifies checking for overlap. 

After scaling (X = d • x, Y = y  • D), where D is the 
largest dimension of the nucleosome (11 nm) and d its 
thickness (5.5 nm), and conversion to cartesian coordi- 
nates, the model of the nucleosome was placed at each 
point. This model was given a normally or uniformly 
distributed random rotation around the dyad axis. In 
some calculations a random shift in the range 
- 0 . 2  R - 0 . 2  R was given to simulate variability in 
fibre radius. Examples of the resulting model of the 
fibre, which realistically simulates the distribution of 
orientation of the nucleosomes as well as the axial 
ratio of the condensed fibres used in the experiments, 
are illustrated elsewhere (Koch 1989) together with the 
corresponding calculated scattering patterns. 

Since the path of the linker in condensed chro- 
matin is unknown only the contribution of the 
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nucleosomes (i.e. the first term in (2)) can be evalu- 
ated. The contribution of the linker obtained from the 
difference between the experimental value of the total 
dichroism and the contribution of the nucleosomes 
allows one to calculate the value of /~. Note that, 
for a distribution of angles, the value of /~c= 
arcos((cosZfl)  1/2) will, in general, be different from 
(/3), the average value of the angle between the linker 
and the fibre axis. 

Results 

X-ray solution scattering 

Scattering pattern at very low ionic strength. As illus- 
trated in Fig. 1 at very low monovalent  ion concentra- 
tions (Tris + Na < 5 raM) the interference maximum 
near s = 0.05 n m -  1 shifts to lower s-values. The radius 
of gyration of the cross-section and the relative m/l, 
which is proport ional  to I (0)x decrease as illustrated in 
Fig. 2. Extrapolation of I (0)x to zero monovalent  ion 
concentration (i.e. --1 mM on the abscissa of Fig. 2) 
and comparison with the value of 0.8 nucleosome/ 
11 nm, determined earlier at 5 mM monovalent  cation 
concentration (Koch etal.  1987a), yields a value 
around 0.4 nucleosome/11 nm. Similarly, the value of 
the radius of gyration of the cross-section extrapolated 
to zero salt concentration is 6 +_ 1 nm. This value is in 
fact less accurate than indicated because of the inaccu- 
racy in the actual salt concentration. It is important  to 
note that the measurements were made on long chro- 
matin fragments since the apparent radius of gyration 
of the cross-section also depends on the length distri- 
bution as indicated by nuclease digestion experiments 
(Koch et al. 1987b). 

It can be excluded that the observed effects, which 
are reversible, would be due to histone degradation. 
The condensation properties of chromatin dialysed 
against very low ionic strength buffers and the results 
of electrophoretic analysis of the histones were indis- 
tinguishable from those of our usual preparations. 

Effect ofpH. Within the range 5 < pH < 8 there is no 
significant difference between the values of the radius 
gyration of the cross-section and m/1 as indicated in 
Fig. 3. Below pH 4.8 the structure is irreversibly dena- 
tured, whereas at pH 8.6 there is a small decrease of the 
relative m/1 and a shift of the interference maximum to 
lower s-values. 

Effect ofspermine. Figure 4 illustrates that chromatin 
dialyzed against spermine followed by a 20 h dialysis 
against several changes of Tris buffer is partially con- 
densed and that the characteristic internucleosomal 
interference near 0.05 n m -  1 is hardly distinguishable. 

1.0 

tog[s-! Is)] 

\ 
Q 

\ 
ok NQCt 

~ N  NaC[ 

~ 1 ~  M NaC[ 

0- 
s (nm-1) m 

0.()5 0.1 
Fig. t. X-ray solution scattering patterns of chicken erythrocyte 
chromatin fragments (A26o=70) in 1 m M  Tris at increasing 
NaC1 concentrations. Note the shift of the interference maxi- 
mum to larger s-values 
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Fig. 2, Cross-section radius of gyration (Rx:  full  circles) and 
relative mass per unit length (1 (0)~: open circles) of chicken eryth- 
rocyte chromatin (A26 o = 70) at very low NaC1 concentration. At 
salt concentrations below the dashed line chromatin expands 

The scattering patterns for the same sample processed 
in an identical manner except for the presence of sper- 
mine are also shown. Addition of NaC1 to concentra- 
tions above 5 m M  leads to the pattern characteristic of 
condensed chromatin that is  observed at NaC1 con- 
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Fig. 3. Solution scattering patterns of chicken erythrocyte chro- 
matin (Az6 o = 70) at different pH values. R x is the value of the 
cross-section radius of gyration and I (0)x the relative mass per 
unit length 

centrations above 60 mM. The inset in Fig. 4 illustrates 
the change in relative mass per unit length. Similar 
results were obtained when the chromatin spermine 
solution was first dialyzed against Tris buffer contain- 
ing 50 mM NaC1 and then against Tris buffer. 

Effect of methylene blue. The influence of methylene 
blue on the length of the fibre, which is proportional to 
I (0)x 1, and on the radius of gyration of the cross-sec- 
tion is illustrated in Fig. 5. There is a continuous re- 
duction of the cross-section and of the m/1. At the 
concentrations of methylene blue (<1 MB/100 bp) 
used in the electric dichroism experiments no alter- 
ation of the chromatin structure is detectable. 

Electric dichroism 

The use ofintercalative dyes such as methylene blue or 
ethidium bromide is based on the observation that 
these compounds bind selectively to the linker DNA 
(Angerer and Moudrianakis 1972; Paoletti et al. 1977; 
Genest et al. 1981; Kubista et al. 1985). Dichroism at 
676nm in the methylene blue absorption band 

( ( A A ) )  thus reflects the orientation of the linker 
A -  676  
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Fig. 4. X~ray solution scattering patterns of chicken erythrocyte 
chromatin (A26o=60) dialysed against Tris buffer containing 
0.2 mM spermine (open diamonds) followed by dialysis for 20 h 
against several changes of Tris buffer. Patterns from the chro- 
matin from the same preparation dialysed against Tris buffer 
only (full diamonds). The inset illustrates the increase of the 
relative mass per unit length with NaC1 concentration 

only. In contrast, the saturation value of the dichroism 
measured in the DNA absorption band (260 nm) is a 
weight average of the contribution of the linker 

AA 
D N A ( ( ~ A ) L )  and of the chromatosome ( ( ~ - ) u )  

(see Eq. (2)). 
The dependence of the reduced dichroism of chick- 

en erythrocyte chromatin and its MB complexes on 
the electric field measured at wavelengths of 260 and 
676 nm is illustrated in Fig. 6. Distortions of the struc- 
ture by the electric field, that can usually be detected 
from the shape of the rise and decay curves or from 
measurements at various polarization angles of the 
incident light (Dimitrov et al. 1988; Porschke 1985; 
Lee et al. 1981; Marquet et al. 1985), were not ob- 
served. At the low MB/100 bp ratios used the contri- 
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Fig. 5. X-ray solution scattering patterns of chromatin (A260 = 

60) in the presence of methylene blue (MB) in the range 0 
20 MB/100 base pairs (bp). The inset illustrates the changes in 
the radius of gyration of the cross-section (R x: full circles) and 
the relative length (I (0)-1: open circles) as a function of the 
number of MB/100 bp 
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Fig. 6. A Dependence of the reduced dichroism at 260 nm (full 
circles) and 676 mn (open circles) on the inverse of the electric 
field for chicken erythrocyte chromatin complexed with methy- 
lene blue (1 MB/100 bp) in 1 mM sodium cacodylate pH 6.5. B 
ratio between the reduced dichroism of calf thymus DNA at 
260 nm and of methylene blue at 676 nm as a function of the 
electric field 

bution of methylene blue to the total absorption at 
260 nm is less than 2% and was neglected. Further, in 
agreement with the X-ray solution scattering data, the 
structure of chromatin is not signifcantly perturbed as 
judged from the unchanged dichroism at 260 nm upon 
binding of the dye (Kubista et al. 1985; R. Marquet  
unpublished). Extrapolation to infinite field of the data 

in Fig. 6A yields ( ~ - ) = - 0 . 1 3 5  in agreement with 

our previous results (Marquet et al. 1988; Koch et al. 

(AA)  =--0.110.  Measurements on calf 1988) and - A  L 

thymus DNA indicate that the dichroism amplitudes 
of the DNA bases and of the intercalated dye are iden- 
tical at field values below 5 kV/cm. As illustrated in 
Fig. 6B, above 6 kV/cm the dichroism of MB is 
smaller than that of the DNA bases, probably due to 
electrochromism (see Fredericq and Houssier 1973). 
The ratio 676 260 (AA/A)MB /(AA/A)DNA at 12.5 kV/cm is 0.83 
and the value of this ratio extrapolated to infinite field 

is 0.78. It was assumed in the calculation of the intrin- 
sic dichroism that the same effect occurs when MB is 
bound to chromatin. 

(A A )  =--0 .133+0.025.  Thus, One then obtains A -  N 

at low ionic strength, the contribution from the chro- 
matosome and from the linker are nearly identical 
since, after correction for the ratio of the dichroism of 

M B a n d D N A a t h i g h f i e l d s , (  AA-)L=-0 .11 /0 .78= 

- 0 . 1 4 0 _  0.050. To take into account the fact that the 
final values depend to some extent on the extrapola- 
tion procedure as discussed by McGhee et al. (1980), 
the errors given here correspond to 2.5 times the calcu- 
lated standard deviations. 

The results of the calculations of the dichroism of 
uncondensed chromatin and of the contributions of 
the linker and of the nucleosomes as a function of ( 0 )  
and a (qS) for (qS)= 180 ° are illustrated in Fig. 7. Only 
the structures inside the boundaries shown in this map 
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a re  c o m p a t i b l e  w i t h  the  e x p e r i m e n t a l  m e a s u r e m e n t s  

( - - 0 . 08  to  --0.18).  

The calculated values of the contribution of the 
nucleosomes to the dichroism of condensed chromatin 

-3o are given in Table 1 together with the contributions 
of the linker obtained from the experimental values 
reported by Koch et al. (1988) (0.04) and Sen and 

-6o Crothers (1986) (-0.1) and the values of tic= 
arcos((cos2fl) 1/2) where fi is the angle between the 
linker and the electric field or fibre axis. Even more 

-90 negative values of the reduced dichroism of the con- 
densed fibre (-0.2) have been reported by McGhee 
et al. (1980, 1983). These values have been attributed 

-120 by Sen and Crothers (1986) to field-induced distortions 
in the conditions used by McGhee et al. (1980) and are 
not further considered here. 

-150 

"180 
30 60 90 120 150 180 

Fig. 7. Results of the computer simulations as a function of (0)  
and ~7(q~) for (~b)=180 °, (1 )=23 nm, a( / )=3 nm, a(0)=10 °. 
The shading indicates the region where more than 50% (dark) 
and 10% (light) of the conformations are rejected due to steric 
hindrance (dmi n = 6 nm). The numbers indicate the values of the 
contours for the radius of gyration (e • • .), the total dichroism 
( - - ) ,  that of the linker ( . . . . . .  ) and of the nucleosomes 

t 
- - . - ) .  The, cross indicates the centre of the region where 

A/-\A/L \A/N 

Radius o f  gyration 

T h e  m a p  in Fig.  7 a l so  i l lus t ra tes  the  resul t s  of  the  

c a l c u l a t i o n s  o f  the  r ad ius  of  g y r a t i o n  as a f u n c t i o n  of  

( 0 )  a n d  a(~b) for  ( ~ b ) = 1 8 0  ° for  a cha in  of  42 nu-  

c l eo somes .  T h e  s h a d i n g  in this  m a p  r ep re sen t s  r eg ions  

of  s ter ic  h i n d r a n c e .  T h e  b o u n d a r i e s  i n d i c a t e  the  r e g i o n  

w i t h  r ad ius  o f  g y r a t i o n  va lues  b e t w e e n  75 a n d  115 n m  

c o m p a t i b l e  w i t h  the  e x p e r i m e n t a l  v a l u e s  o f  A u s i o  et al. 

(19 84) for  f r a c t i o n a t e d  c h r o m a t i n  o f  a p p r o x i m a t e l y  t he  

s a m e  l e n g t h  in 5 m M  N a C 1  ( R =  82 nm)  a n d  I m M  

NaC1  (R = 102 nm).  

Table 1. N: Calculated contribution of the nucleosomes (AA/A)u to the dichroism of condensed chromatin and value of arcos 
(( cos27)1/2) as a function of (7) and a (7). A: Contribution of the linker D N A  and estimated value of tic = areos ((cos z fl)l/z), the 
angle between the linker and the fibre axis obtained from the experimental dichroism given by Koch et al. (1988) (0.04). B: Cor- 
responding values obtained from the experimental value of Sen and Crothers (1986) (-0.10) .  The asterisks indicate that no value of 
tic can be found for this structure 

a(7) ° (7) 0 90 80 70 60 50 40 

0 N -0 .374  90 -0 .340  80 -0 .243 70 -0 .094  60 0.090 50 0.285 40 
A 1.603 * 1.475 * 1.107 * 0.544 72 --0.148 51 --0.883 31 
B 0,935 * 0.806 * 0.439 68 --0.124 51 --0.816 33 --1.551 * 

10 N --0.340 80 --0.311 76 --0.217 68 -0 .079 59 0.104 50 0.280 40 
A 1.475 * 1.365 * 1.012 * 0.477 70 --0.200 49 --0.873 32 
B 0.806 * 0.697 81 0.344 65 --0.176 50 --0.869 32 -- 1.537 * 

20 N --0.259 70 --0.230 68 --0.152 63 --0.032 57 0.125 49 0,259 41 
A 1.169 * 1.059 * 0.744 87 0.310 64 --0.243 48 -0 ,787 34 
B 0.501 71 0.391 66 0.095 57 --0,358 45 --0.950 30 -- 1.455 8 

30 N --0.147 63 --0.123 61 --0.062 58 0.028 53 0.138 48 0.254 42 
A 0.739 86 0.654 78 0.425 68 0.086 57 --0.329 46 --0.768 35 
B 0.071 57 --0.014 54 --0.239 48 --0.582 40 --0.997 28 -- 1.432 10 

40 N --0,014 56 --0.015 55 0.026 53 0.087 50 0.162 47 0.238 43 
A 0,243 62 0.277 63 0.086 57 --0.138 51 --0.420 44 --0.706 36 
B --0,429 44 --0.420 44 --0.577 40 --0.806 34 -- 1.088 25 -- 1.374 14 
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Fig. 8. Scattering patterns for uncondensed chro- 
matin calculated as a function of <0>, ~(0), <~b> 
and cr <q~>, for </>=23 nm, or(/)=3 nm. The su- 
perimposed patterns at the top illustrate the influ- 
ence of ~r (qS) and of a (0) on the R x and m/l. The 
patterns below illustrate the change of shape as a 
function of <0>. The pattern at <0> = 110 ° is also 
shown for <l>=25 nm(  . . . . .  ) and </>=28 nm 
( o o o , )  

Scattering patterns 

The scattering patterns for s < 0.1 n m -  J depend main- 
ly on the relative arrangement  of the nucleosomes in 
the fibers whereas for s > 0.1 n m -  1 they are dominated 
by the structure of the nucleosomes (Koch 1989). Pat- 
terns for a chain of 50 nucleosomes in the range 
0~s~<0.1 nm -1 as a function of <0> for <q~>=180 ° 
are illustrated in Fig. 8. The top curves illustrate that 
the initial slope, which is related to the radius of gyra- 
tion of the cross-section increases slightly with o-(qS). 
When <0> increases the slope decreases rapidly and 
the shape of the interference max imum changes. The 
pat tern with <0> = 180 ° corresponds to a fully extend- 
ed 10-nm filament with an interference max imum that 
has the characteristic shape of a meridional feature. 
The superimposed patterns for <0> = 110 ° illustrate 
that the interference max imum is shifted to smaller 
s-values when <l> increases. 

D i s c u s s i o n  

The scattering patterns at salt concentration below 
5 m M  in Fig. 1 indicate that at vanishing salt concen- 

trations chromatin,  like other flexible polyelectrolytes, 
expands (see Tanford 1961). This approach towards 
the "10 nm" filament initially observed by Thoma  
et al. (1979) occurs in a continuous manner.  The scat- 
tering patterns for uncondensed chromatin in Fig. 8 
calculated for increasing average values of the angle 0 
between successive linker segments and fixed average 
internucleosomal distance <l> correctly reproduce the 
reduction of the radius of gyration of the cross-section 
and mass per unit length observed experimentally. If 
the only modification of the structure were an increase 
of @>, the position of the interference max imum 
would not change much at increasing ionic strength, in 
contradiction with the observations. 

If the simultaneous increase in internucleosomal 
distance due to straightening of the linker is taken into 
account, the observed shift towards lower s-values is 
also reproduced. Elongations of the linker larger than 
2 - 5  nm result in patterns that no longer reproduce the 
shape of the interference max imum as illustrated in 
Fig. 8 for <0> = 110 °. It  can thus be concluded that the 
mechanism of condensation involves a reduction of 
<l> as well as of @>. 
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The measurements as a function of pH prove that 
the expansion is solely due to the decrease in salt con- 
centration and not to the lower pH resulting from the 
low buffering capacity of the solutions used for the 
scattering experiments at very low ionic strengths. 

The strong dependence of the structure on ionic 
conditions below 1 m M  monovalent  cation concentra- 
tion explains most of the differences between values 
reported in the literature since minor changes in buffer 
composition will lead to large changes in dichroism. 
Whereas our value of the dichroism ( -  0.02 at 6 kV) of 
uncondensed chromatin (A26 o =0.5) is obtained in a 
buffer containing i mM Na ÷, the more negative 
values ( - 0 . 15  at 6 kV) of Sen and Crothers (1986) were 
obtained in a buffer containing 0.5 mM total mono- 
valent cation concentration [M +] and a low chromat- 
in concentration (A260 = 0.2). Those of McGhee et al. 
(1980) were obtained at lower monovalent  cation con- 
centrations (0 .2mM) and are even more negative 
( - 0 . 23  at 6 kV). 

Evidence for an expansion of the structure is also 
given by light scattering (A260 = 1), where an increase 
of the radius of gyration of 20% is observed between 
5 and 1 m M  monovalent  cation concentration (Ausio 
etal.  1984). Similarly, in electron microscopy, the 
"10nm"  filaments are only observed below 5 m M 
monovalent  ion concentration (Widom 1986) even at 
low chromatin concentrations (0.02 < Az60 <0.2). 

The dialysis experiments with spermine indicate 
that when spermine is used in the preparative buffers 
the samples may remain in a semi-condensed state 
even after prolonged dialysis against very low ionic 
strength buffers. This may explain the results of 
Chauvin et al. (1985) and Tjerneld et al. (1982) who 
found positive anisotropy even at very low ionic 
strength. The separation of the contribution of the 
linker and the nucleosomes to the dichroism is justified 
by the X-ray scattering results on methylene blue 
intercalation which give unequivocal evidence that at 
the very low MB concentrations used for the dichro- 
ism measurements the structure is not significantly 
altered in the complex. At sufficiently large concentra- 
tions around 3 molecules/100 bp the internucleosomal 
distance increases and the fibers extend with a con- 
comitant decrease in R x and in apparent mass per unit 
length. This is consistent with earlier experiments on 
the effect of ethidium bromide intercalation (Bordas 
et al. 1986). 

Figure 9 summarizes the results of the calculations 
for a disordered zig-zag or helix-like model of uncon- 
densed chromatin. It corresponds to a cut in the map 
in Fig. 7 at cr (q~)= 60 °. It is clear that only a limited 
range of values of 0 around 80-100 ° will simulta- 
neously lead to acceptable values of the structural 
parameters corresponding to the structure at mono- 
valent cation concentrations around 5 raM. Note, that 
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Fig. 9. Summary of the model calculations for uncondensed 
chromatin as a function of (0) for (qS)= 180 ° and cr(4)=60 °, 
a(0)=10 °, (/)=23 nm, 0(/)=3 nm. Only the region around 
(0) = 90 ° simultaneously gives adequate values for all parame- 
ters for chicken erythrocyte chromatin at low ionic strength 
([M + ]-~ 5 raM). %C: percentage of conformations accepted 

the values calculated for the intrinsic dichroism are 
lower than the experimental values. If one allows for 
an expansion of the structure resulting from an in- 
crease of the value of ( 0 )  of 20-40  ° a satisfactory 
agreement with the results at monovalent  cation con- 
centrations below 5 m M is also obtained. Owing to 
the elongation of the linker mentioned above, the varb 
ations of R g, R x and m/1 are slightly underestimated. 
The model predicts that the reduced dichroism of 
chromatin at total monovalent  cation concentrations 
around 5 mM should be very small. This is in agree- 
ment with the birefringence results of Chauvin et al. 
(1985) and the sign inversions ( -  to + )  found by flow 
dichroism on Ehrlich ascite chromatin around 2 r a m  
NaC1 (Kubista et al. 1985) and by flow and electric 
dichroism on chromatin from various sources, includ- 
ing chicken erythrocytes, in the range 1 - 5  m M NaC1 
(Dimitrov et al. 1988). 

At the field strengths used in our experiments the 
shape of the signal does not provide any evidence for 
a distortion of the structure as suggested by Sen and 
Crothers (1986) on the basis of experiments at fields up 
to 25 kV/cm. 

The calculated values of the dichroism for the 
model of condensed chromatin in Table 1 indicate that 
for structures with (7 )  close to 90 °, values of the re- 
duced dichroism of the condensed fibres in the range 
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between -0 .10  (Sen and Crothers 1986) and +0.04 
(Koch et al. 1988) are only compatible with a rather 
broad distribution of the orientation of the nu- 
cleosomes (o- (7) > 20°) and, in the case of our measure- 
ments, an orientation of the linker nearly perpendicu- 
lar to the fibre axis. 

Models of condensed chromatin with ( (7 )=90°  
and a (7 )=10-30  °) give scattering patterns (Koch 
1989) that are in excellent agreement with the experi- 
mental solution scattering data and with the diffrac- 
tion patterns of oriented gels (Widom and Klug 1985). 
This is important since, in contrast with the structural 
parameters, the values in Table 1 do not depend much 
on the fibre diameter but mainly on the distribution of 
the orientation of the nucleosomes relative to the fibre 
axis. 

The broad distribution of orientation of the nucle- 
osomes also implies that the orientation of the linker 
corresponds to an angle /3c=arcos((cos2/3) 1/2) be- 
tween 60 and 90 °. Since the dichroism of the linker can 
only vary between - 1.5 f o r / / =  0 to + 0.75 for/3 = 90 ° 
and that of the nucleosomes between + 0.75 for 7 = 0° 
and -0.375 for 7=90 ° , more ordered structures 
(o-(7)<20 °) would require a systematic tilt of the 
nucleosomes relative to the fibre axis as proposed by 
Yabuki et al. (1982) or McGhee et al. (1983). The dif- 
fraction patterns of oriented fibres (Widom and Klug 
1985) give no evidence for such an arrangement of the 
nucleosomes but Fourier transforms of selected elec- 
tron micrographs of individual fibers have been inter- 
preted as indicating a tilt of the nucleosomes (Williams 
et al. 1986). 

Experimental values of 7 (Sen et al. 1986) corre- 
spond to arcos((cos27)l/2). As illustrated in Table 1 
for each distribution, in an irregular system these 
values are not directly related to (7) but also depend 
on the width of the angular distribution. The same 
applies of course to the experimental values of/3 as well 
as to the values of/3c given in Table 1. This allows to 
interpret the values of the intrinsic dichroism of the 
linker DNA and the nucleosomes for condensed chro- 
matin from different sources obtained by Sen et al. 
(1986) in terms of the degree of order in these fibres. 
Assuming that ( 7 )=90°  in all cases, one concludes 

( < )  that fibres of sea urchin chromatin A -  N 

and ( ~ A )  = +0.29~ \ _ are more ordered than those 

from"HeL~ ((A/INAA~/=--O.16 and ~,A, ]L(AA~ = +0.20~j 

AA 4 and thymus c romatin = 00 aod 

( ~ ) L = - - 0 . 3 6 ) .  These values are compatible with 

( 7 ) = ( f l ) = 9 0  ° if one assumes o-(7)=15 °, o.(fl)=30 ° 
for sea urchin chromatin, o-(fl)= o-(7 ) = 30 ° for HeLd 

and o. (7)= 37 °, o-(/3)= 60 ° for calf thymus chromatin. 
This leads to the conclusion that in compact fibres like 
those of sea urchin or chicken erythrocyte chromatin 
the linker DNA runs nearly perpendicularly to the 
fibre axis. 

Our results confirm that the salt-induced com- 
paction of chromatin is a continuous process over the 
whole range of ionic strength, with an expansion of the 
structure at salt concentrations below about 5 mM. 
This expansion does not correspond to a structural 
transition characteristic of chromatin but to a general 
property of polyelectrolytes at very low counterion 
concentrations. The process of compaction, which is 
characteristic of chromatin, is accompanied by a com- 
petitive process of aggregation that can be prevented 
by an appropriate choice of buffer (e.g. addition of 
neutral amino acids (see Buche et al. (1989) and refer- 
ences therein). The model calculations show that when 
this expansion is taken into account, consistent values 
for the dichroism and for the structural parameters 
extrapolated to vanishing salt concentration are ob- 
tained. The major source of differences in the values of 
the dichroism of uncondensed chromatin reported by 
different laboratories lies in the ionic conditions used 
for the measurements and in the composition of the 
buffers (e.g. presence of polyamines). 

The dichroism of chicken erythrocyte chromatin at 
salt concentrations around 5 mM is close to zero and 
does not depend much on the degree of condensation 
in agreement with the observations of Kubista et al. 
(1985) and Dimitrov et al. (1988). 

Interpretation of the dichroism data for condensed 
chromatin in terms of the orientation of the nu- 
cleosomes as well as the degree of order in the fibres 
allows one to solve the difficulties encountered with 
interpretations based on variants (Butler 1984; Sen 
et al. 1986) of the solenoid model originally proposed 
by Finch and Klug (1976). Integration of these results 
with structural observations including the dependence 
of the fibre diameter on the linker length (Williams 
et al. 1986; Koch et al. 1988) gives the strongest evi- 
dence hitherto available for a model of condensed 
chromatin in which the linker runs across the central 
part of the fibre and, in cases like chicken erythrocyte 
and sea urchin chromatin, nearly perpendicularly to 
the fibre axis. 
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